To determine the extent to which the effect of a physiologic increment in epinephrine (EPI) on glucose production (GP) arises indirectly from its action on peripheral tissues (muscle and adipose tissue), epinephrine was infused intraportally (EPI po) or peripherally (EPI pe) into 18-h-fasted conscious dogs maintained on a pancreatic clamp. Arterial EPI levels in EPI po and EPI pe groups rose from 97 Ϯ 29 to 107 Ϯ 37 and 42 Ϯ 12 to 1,064 Ϯ 144 pg/ml, respectively. Hepatic sinusoidal EPI levels in EPI po and EPI pe were indistinguishable (561 Ϯ 84 and 568 Ϯ 75 pg/ml, respectively). During peripheral epinephrine infusion, GP increased from 2.2 Ϯ 0.1 to 5.1 Ϯ 0.2 mg/kg·min (10 min). In the presence of the same rise in sinusoidal EPI, but with no rise in arterial EPI (during portal EPI infusion), GP increased from 2.1 Ϯ 0.1 to 3.8 Ϯ 0.6 mg/kg·min. Peripheral EPI infusion increased the maximal gluconeogenic rate from 0.7 Ϯ 0.4 to 1.8 Ϯ 0.5 mg/ kg·min. Portal EPI infusion did not change the maximal gluconeogenic rate. The estimated initial increase in glycogenolysis was ഠ 1.7 and 2.3 mg/kg·min in the EPI pe and EPI po groups, respectively. Gluconeogenesis was responsible for 60% of the overall increase in glucose production stimulated by the increase in plasma epinephrine (EPI pe). Elevation of sinusoidal EPI per se had no direct gluconeogenic effect on the liver, thus its effect on glucose production was solely attributable to an increase in glycogenolysis. Lastly, the gluconeogenic effects of EPI markedly decreased (60-80%) its overall glycogenolytic action on the liver. ( J.
Introduction
It is well known that epinephrine plays an important role in the regulation of lipid, protein, and carbohydrate metabolism. During physiological and stressful conditions (i.e., hypoglycemia) an increase in circulating epinephrine stimulates adipose tissue lipolysis, muscle glycogenolysis, and hepatic glucose production. The stimulatory effect of epinephrine on hepatic glucose production arises from both an indirect action on extrahepatic tissues (muscle and adipose tissue) and a direct effect on the liver. The former represents the catecholamines' gluconeogenic effect, while the latter reflects its glycogenolytic action. Previous studies by Sacca et al. (1) , Miles et al. (2) , and Clutter et al. (3) suggested that increases in circulating epinephrine can stimulate gluconeogenesis in the human by mobilizing alanine and lactate from muscle and glycerol from adipose tissue. Stevenson et al. (4) and Steiner et al. (5) showed in dogs that epinephrine did indeed increase the uptake of alanine, lactate, and glycerol by the liver and that these changes were secondary to the effects of catecholamine on muscle and adipose tissue. In addition, we showed recently (6) that the direct effects of epinephrine and norepinephrine on the liver result solely from their stimulation of glycogenolysis.
Over the years, it has become obvious that hepatic glycogenolysis and gluconeogenesis tend to change reciprocally (1, (7) (8) (9) (10) (11) . Previous in vivo studies (4, 6, 7) showed that the initial increases in glucose production caused by increments in either plasma epinephrine or glucagon are primarily attributable to hepatic glycogenolysis. The glycogenolytic effect of either hormone quickly wanes, and with time gluconeogenesis is increased. Furthermore, studies in humans (8, 9) and animals (10, 11) have shown that increasing the gluconeogenic precursor (lactate or alanine or glycerol) load to the liver increases gluconeogenesis but does not change total glucose production. This suggests that the increase in gluconeogenesis is associated with a decrease in glycogenolysis. Since it has been demonstrated that the direct and indirect effects of epinephrine on hepatic glucose production induce a glycogenolytic and gluconeogenic (i.e., increasing gluconeogenic precursor loading) stimulation, respectively, it is of interest to determine whether the gluconeogenic effects of epinephrine limit its hepatic glycogenolytic effect.
The first aim of this study, therefore, was to determine whether long-term (3-h) elevation of portal epinephrine would stimulate gluconeogenesis within the liver. The second aim was to determine how much of the stimulatory action of epinephrine on hepatic glucose production arises from its direct glycogenolytic effect on the liver versus its peripheral effects on muscle and adipose tissue (i.e., supply of gluconeogenic precursors reaching the liver). The third aim was to determine the impact of the extrahepatic (gluconeogenic) effects of epinephrine on its glycogenolytic action in the liver.
was used for only one experiment. The animals were housed in a facility that met American Association for the Accreditation of Laboratory Animal Care guidelines, and the protocols were approved by the Vanderbilt University Medical Center Animal Care Committee.
16-18 d before each experiment, a laparotomy was performed under general anesthesia (presurgery: 0.5 mg/kg atropine and 15 mg/kg thiopental [Pentothal] sodium; inhalation anesthetic during surgery: 1.% isoflurane), and silastic catheters were inserted into a splenic vein, a jejunal vein, the portal vein, the left common hepatic vein, and a femoral artery as described previously (12) . Doppler flow probes (Instrumentation Development Laboratories, Baylor College of Medicine, Houston, TX) were placed around the portal vein and hepatic artery after the gastroduodenal vein had been ligated in order to drain blood back to the portal vein through the inferior pancreaticoduodenal vein as described elsewhere (13) . The dogs received penicillin G intramuscularly (10 6 U) immediately after surgery to minimize the possibility of infection. All dogs studied had: leukocyte count Ͻ 1,8000/mm 3 ; a hematocrit Ͼ 35%; a good appetite; and normal stools.
On the day of study, the free ends of the catheters and Doppler leads were removed from their subcutaneous pockets under local anesthesia (2% lidocaine; Astra Pharmaceutical Products, Worcester, MA). The catheter contents were aspirated, and saline was infused through them at a slow rate until the experiment was begun. The catheters in the splenic and jejunal veins were used for intraportal infusion of insulin, glucagon, and epinephrine. The portal vein, hepatic vein, and femoral artery catheters were used for blood sampling. Angiocaths (Deseret Medical, Becton Dickinson, Sandy, UT) were inserted into the left cephalic vein for indocyanine green dye (Becton Dickinson, Cockeysville, MD), [3- 3 H]glucose, and [U-14 C]alanine infusion. The right cephalic vein was used for peripheral epinephrine or glucose infusion, and the right saphenous vein for somatostatin infusion (Bachem, Torrance, CA). After preexperimental preparation, each dog was allowed to stand quietly in a Pavlov harness for 20-30 min before beginning the experiment.
Experimental design. Each experiment consisted of 100 min ( Ϫ 140 to Ϫ 40 min) tracer equilibration and hormone adjustment period, a 40-min basal period ( Ϫ 40 to 0 min), and a 180-min experimental period (0-180 min). In all studies, a priming dose of purified H]glucose (42 Ci) was given at Ϫ 140 min, followed by a constant infusion of [3- ). An infusion of somatostatin (0.8 g/kg·min) was started at Ϫ 130 min to inhibit endogenous insulin and glucagon secretion. Concurrently, intraportal replacement infusions of insulin (300 U/kg·min) and glucagon (0.65 ng/ kg·min) were started. The plasma glucose level was monitored every 5 min and was maintained euglycemic by adjusting the rate of insulin infusion. The final alteration in the insulin infusion rate was made at least 30 min before the start of the basal period, and the rate of insulin infusion (mean of 235 U/kg·min) remained unchanged thereafter. Epinephrine, in a solution of 0.07% ascorbic acid, was infused during the experimental period. The study included three groups. In the first, (EPI po) 1 epinephrine (8 ng/kg·min) was infused via the splenic and jejunal vein catheters. In the second, (EPI pe) epinephrine (80 ng/kg·min) was infused via the right cephalic vein catheter. This rate was chosen based on our desire to create the same sinusoidal epinephrine levels as in the EPI po group. In the third group, (control) epinephrine (0.3 ng/kg·min) was infused via the right cephalic vein catheter in order to match the arterial epinephrine level in EPI po group. Arterial glucose levels in the EPI po and control groups were clamped to the level observed in the EPI pe group by infusing glucose (20% dextrose) via the right cephalic vein. Blood sam-1. Abbreviations used in this paper: BOHB, ␤-hydroxybutyrate; CV, coefficient of variation; EPI pe, peripherally infused epinephrine; EPI po, intraportally infused epinephrine; HGU, hepatic glucose uptake; NHGO, net hepatic glucose output.
ples were taken every 20 min during the control period and every 15 min thereafter. The total volume of the blood withdrawn did not exceed 15% of the animal's total blood volume, and two volumes of the saline were given for each volume of blood taken. The collection and immediate processing of blood samples have been described elsewhere (4) . The arterial and the portal blood samples were collected simultaneously ‫ف‬ 30 s before the collection of the hepatic venous samples in an attempt to compensate for the transit time of glucose through the liver (14). This allowed accurate estimates of net hepatic balance to be made even under non-steady state conditions. Analytic procedures. Plasma glucose concentrations were determined using the glucose-oxidase method in a glucose analyzer (Beckman Instruments, Inc., Fullerton, CA). Blood glucose values were assumed to be 73% of the plasma values based on our earlier studies (12) C]glucose specific activities were measured using a column chromatography method described elsewhere (19) . The concentration of indocyanine green in arterial and hepatic vein plasma samples was measured using a spectrophotometer (805 nm) (20) .
Immunoreactive insulin was measured using a double-antibody procedure (21) . The interassay CV for insulin averaged 11%. Levels of immunoreactive glucagon were measured using a double antibody RIA using a method similar to that used in the insulin assay with a CV of 8%. Plasma epinephrine and norepinephrine levels were determined using HPLC as previously described (22) with interassay CVs of 7 and 5%, respectively. Plasma cortisol levels were measured using a gamma coat radioimmunoassay (Clinical Assays, Cambridge, MA) with a CV of 6%.
Tracer method and calculation. Indocyanine green dye (20) and Doppler flow probes (23) were used to estimate total hepatic blood flow. When the ICG method was used in the presence of a somatostatin infusion, the hepatic artery and portal vein were assumed to provide 28 and 72% of hepatic blood flow, respectively (20) . The net hepatic balance and fractional extraction of blood glucose, lactate, glycerol, BOHB, alanine, other gluconeogenic amino acids, and plasma FFA in this study were calculated using the Doppler-determined flow:
and indocyanine green-determined flow:
where A, H, and P are the arterial, hepatic vein, and portal vein substrate concentrations (blood or plasma); Fa and Fp are the hepatic ar- terial and portal vein (blood or plasma) flow measured by the Dopplers; Fh is total hepatic (blood or plasma) flow calculated using the indocyanine green dye method. The total hepatic blood flows during the experimental period of the control, EPI po, and EPI pe groups were 28 Ϯ 2, 27 Ϯ 3, and 32 Ϯ 3 ml/kg·min, respectively (measured using Dopplers) and 30 Ϯ 2, 28 Ϯ 4, and 32 Ϯ 2 ml/kg·min, respectively (measured using indocyanine green dye). Since in our studies hepatic blood flows measured using the Doppler method were more stable than those determined using the indocyanine green dye method, the net hepatic substrate balance data shown in the figures and tables are those calculated using Doppler-determined flow. However, it should be noted that the conclusions drawn would be identical regardless of which flows were used in data calculation. Positive numbers for hepatic substrate balance indicate net liver output, while negative numbers indicate net liver uptake. It should be noted, to the extent that there was a hepatic glucose uptake (HGU), total hepatic glucose release (NHGO ϩ HGU) would be slightly greater than net hepatic glucose output (NHGO). In the basal period of the current study this would cause a 10% difference (12) . However, since an increment in the hepatic sinusoidal epinephrine level increases hepatic glucose production and decreases hepatic glucose utilization, it is likely that total hepatic glucose release during the experimental period would be indistinguishable from NHGO in the EPI pe and EPI po groups. In the control group, hyperglycemia per se would be expected to increase HGU slightly (0.1-0.2 mg/kg·min) as indicated by Pagliossotti et al. (24) .
Total glucose production and utilization were determined using the isotope dilution method outlined by Wall et al. (25) as simplified by DeBodo et al. (26) , and a two compartment model described by Mari (27) using parameters for the dog determined by Dobbins et al. (28) . The results were similar regardless of which approach was used because the deviations from steady state were minimal. Glucose production and utilization data shown in the figures and tables are those calculated using the two compartment method. It should also be noted, since both the liver and kidney produce glucose, that the rate of endogenous glucose production determined by the tracer method slightly overestimates total hepatic glucose release (12) .
Gluconeogenesis was assessed using a double-isotope technique described elsewhere (19) . This technique involves the simultaneous infusion of two tracers, [U- precursor specific activity that occurs within the oxaloacetate pool of the hepatocyte and also because they assess gluconeogenesis from only two precursors. A maximal estimate of hepatic gluconeogenesis from circulating precursors can be obtained by assuming that all gluconeogenic carbons taken up by the liver in a net sense are converted to glucose. In these studies, the net hepatic balances of the gluconeogenic precursors, alanine, glycine, serine, threonine, glutamine, glutamate, lactate, and glycerol were measured. The net hepatic balance of pyruvate was assumed to be 10% of lactate balance (30) . The maximal hepatic gluconeogenic rate was calculated by dividing the above uptake rates by two to account for the incorporation of three carbon precursors into six carbon glucose molecules. Multiplying this maximum estimate of gluconeogenesis by the tracer-determined gluconeogenic efficiency yields a minimum estimate of the hepatic gluconeogenic rate. Thus the rate of hepatic gluconeogenesis from circulating precursors can be bracketed between the maximal estimate obtained using arteriovenous techniques and the minimal estimate obtained using combined tracer and arteriovenous difference data.
Once the maximal and minimal gluconeogenic rates are obtained, the glycogenolytic rate in the liver can be estimated by subtraction of either the maximal or minimal gluconeogenic rate from net hepatic glucose balance or tracer-determined endogenous glucose production. Since a recent study in the dog (31) showed that the maximal rate of gluconeogenesis is a better estimate of the tracer gluconeogenic rate (directly determined using the method of Giaccari [32] ) than is the minimal gluconeogenic rate, hepatic glycogenolysis (see Figs. 13 and 14) can be estimated by subtraction of the maximal gluconeogenic rate from either tracer-determined endogenous glucose production or NHGO. Since latter is the more representative of total hepatic glucose release, it provides the better estimates of glycogenolysis.
Statistical analysis. All statistical comparisons were made using repeated measures ANOVA and univariate F tests or paired Student's t test where appropriate. Statistical significance was accepted at P Ͻ 0.05. Data are expressed as means Ϯ SE.
Results
Hormone levels. The arterial and portal plasma levels of insulin, glucagon, and norepinephrine remained at basal values in all groups throughout the study (Figs. 1-3 ) as did the plasma cortisol level (data not shown). The arterial plasma levels of epinephrine remained essentially unchanged throughout the control (99 Ϯ 25 to 132 Ϯ 41 pg/ml) and EPI po (97 Ϯ 29 to 107Ϯ37 pg/ml, Fig. 4 ) studies. Peripheral infusion of epinephrine increased the arterial plasma epinephrine level from 42Ϯ12 to 1,064Ϯ144 pg/ml. The portal plasma levels of epinephrine remained constant in the control group (16Ϯ10 to 24Ϯ12 pg/ml) but rose in the EPI po group (27Ϯ10 to 680Ϯ103 pg/ml) and the EPI pe group (14Ϯ6 to 465Ϯ75 pg/ml). The hepatic sinusoidal levels of epinephrine remained unchanged in the control study but rose equivalently 20Ϯ8 to 568Ϯ75 and 42Ϯ14 to 561Ϯ84 pg/ml, respectively) in the EPI pe and EPI po groups.
Hepatic blood flow, arterial blood pressure, and heart rate. Hepatic blood flow remained stable in all groups throughout the study (Fig. 5) . The systolic, diastolic (data not shown), and mean arterial blood pressures did not change significantly in any group (Fig. 5) . The heart rate increased slightly in EPI pe group but did not change significantly in the other two groups (Fig. 5) .
Table I. Tracer-determined Glucose Utilization and Clearance during the Basal and Saline versus Portal or Peripheral Epinephrine Infusion Periods in the Presence of a Pancreatic Clamp in Conscious 18-h-fasted Dogs
Glucose levels and kinetics. During peripheral catecholamine infusion the arterial blood glucose level gradually rose from 77Ϯ3 to 118Ϯ5 mg/dl (by 90 min) and remained constant thereafter (Fig. 6) . The arterial glucose levels in the control 79Ϯ4 to 120Ϯ3 mg/dl) and EPI po (77Ϯ2 to 124Ϯ3 mg/dl) groups were clamped to the level seen in the EPI pe group. In response to the peripheral infusion of epinephrine, NHGO increased from 2.2Ϯ0.1 to 5.1Ϯ0.2 mg/kg·min by 10 min (P Ͻ 0.05) and then fell back to 2.6Ϯ0.4 mg/kg·min by the end of the study (Fig. 6) . In response to the portal infusion of epinephrine, NHGO increased from 2.1Ϯ0.1 to 3.8Ϯ0.6 mg/kg·min by 10 min (P Ͻ 0.05) and then gradually fell back to 2.0Ϯ0.4 mg/ kg·min. The initial increases in NHGO in response to epinephrine infusion in the EPI pe and EPI po groups were significantly different (P Ͻ 0.05, Fig. 6 ). In the presence of the hyperglycemic clamp alone (control), NHGO fell from 2.1Ϯ0.1 to 1.0Ϯ0.2 mg/kg·min (P Ͻ 0.05) by the end of the study. The changes in tracer-determined endogenous glucose production paralleled those in NHGO in all three groups (Fig. 6) . During the experimental period, tracer-determined glucose utilization in the EPI pe group increased from 2.3Ϯ0.1 to 2.8Ϯ0.2 mg/ kg·min within 10 min and remained stable thereafter (Table I ). In the EPI po group, it increased from 2.6Ϯ0.3 to 3.8Ϯ0.5 mg/ kg·min by 90 min (P Ͻ 0.05) and then remained stable. In the control group it gradually increased from 2.4Ϯ0.2 to 3.6Ϯ0.2 mg/kg·min (last 30 min) (P Ͻ 0.05). Glucose clearance in the EPI pe group fell from 2.2Ϯ0.2 to 1.7Ϯ0.1 mg/kg·min (P Ͻ 0.05) by 60 min and was stable thereafter. Glucose clearance in the other two groups remained essentially unchanged (Table I) .
Arterial blood level, net hepatic uptake, and fractional extraction of alanine. The arterial alanine levels remained essentially unchanged in the control and EPI po groups, but increased from 283Ϯ40 to 576Ϯ73 mol/liter (P Ͻ 0.05) in the EPI pe group (Fig. 7) . Net hepatic alanine uptake increased from 2.8Ϯ0.4 to 3.6Ϯ0.4 (NS), 3.0Ϯ0.3 to 4.0Ϯ0.5 (NS), and 3.1Ϯ0.4 to 4.9Ϯ0.5 (P Ͻ 0.05) mol/kg·min in the control, EPI po, and EPI pe groups, respectively, by the end of the study ( Fig. 7) . The net hepatic fractional alanine extraction in the control and EPI pe groups increased from 0.34Ϯ0.02 to 0.41Ϯ0.03 and 0.31Ϯ0.03 to 0.38Ϯ0.03 in 10 min, respectively (NS, Fig. 7) , then gradually fell back to baseline. In the EPI po group it rose from 0.38Ϯ0.02 to 0.52Ϯ0.05 (P Ͻ 0.05) by the end of the study.
Arterial blood level and net hepatic balance of lactate. The arterial blood lactate levels did not change significantly in the control and EPI po groups (Fig. 8) , but rose from 563Ϯ72 to 3,831Ϯ403 mol/liter (P Ͻ 0.01) in the EPI pe group. Net hepatic lactate balance in the control group changed from net uptake to net output (Ϫ2.9Ϯ1.5 to 3.9Ϯ3.1 mol/kg·min, Fig. 8) . In response to the portal infusion of epinephrine, lactate balance changed rapidly (10 min) from net uptake to net output (Ϫ1.0Ϯ1.5 to 6.6Ϯ2.8 mol/kg·min, P Ͻ 0.05). In response to the peripheral infusion of epinephrine, net hepatic lactate uptake rose dramatically (Ϫ1.0Ϯ2.4 to Ϫ12.4Ϯ4.6 mol/kg·min, P Ͻ 0.05.
Arterial blood level, net hepatic uptake, and fractional extraction of glycerol. The blood glycerol level and net hepatic glycerol uptake in the control and EPI po groups remained essentially unchanged throughout the study (Fig. 9) . In response to peripheral infusion of epinephrine, the blood glycerol increased from 86Ϯ14 to 181Ϯ21 mol/liter (P Ͻ 0.05) in 10 min while net hepatic glycerol uptake rose from 1.5Ϯ0.3 to 3.4Ϯ0.4 mol/kg·min (P Ͻ 0.05) (Fig. 9) . Thereafter, both the blood level and net hepatic uptake of glycerol gradually fell. Net hepatic glycerol fractional extraction remained essentially unchanged in all groups (Fig. 9) .
Arterial plasma level, net hepatic uptake, and fractional extraction of FFA. The arterial plasma FFA levels in the control and EPI po groups were stable throughout the study (Fig. 10) . Net hepatic FFA uptake in those two groups increased slightly at the beginning of the experimental period (10-30 min) and then drifted back to the baseline by the end of study (Fig. 10) . In response to peripheral epinephrine infusion, both the arterial plasma FFA level and net hepatic FFA uptake increased significantly by 20 min (903Ϯ126 to 1,611Ϯ139 mol/liter, P Ͻ 0.05 and 3.5Ϯ0.6 to 7.8Ϯ1.0 mol/kg·min, P Ͻ 0.05) and then gradually fell below baseline (381Ϯ74 mol/liter and 1.3Ϯ0.7 mol/kg·min, respectively). Net hepatic FFA fractional extraction increased slightly but not significantly in the early part of the experimental period in all groups, but by 60 min had returned to baseline (Fig. 10) .
Arterial blood level and net hepatic output of BOHB. Both the arterial blood BOHB level and net hepatic BOHB output increased slightly during the initial stage of the experimental period in the control and EPI po groups and then fell back to baseline (Fig. 11) . In response to peripheral epinephrine infusion, arterial BOHB and net hepatic BOHB output increased from 30Ϯ4 to 42Ϯ4 mol/liter (P Ͻ 0.05) (20 min) and from 1.2Ϯ0.2 to 1.9Ϯ0.3 mol/kg·min (P Ͻ 0.05) (10 min), respectively. Both parameters had fallen below baseline (15Ϯ3 mol/liter and 0.7Ϯ0.1 mol/kg·min, respectively) by the end of study.
Arterial blood levels and net hepatic balances of gluconeogenic amino acids. The arterial blood levels and net hepatic balances of the gluconeogenic amino acids were not significantly altered by any treatment (Table II) .
Gluconeogenic parameters. The gluconeogenic efficiency (35Ϯ6 to 41Ϯ8%), as well as maximal (0.8Ϯ0.4 to 0.7Ϯ4 mg/ kg·min) and minimal (0.3Ϯ0.1 to 0.3Ϯ0.1 mg/kg·min) gluconeogenic rates, were essentially unchanged in the control group (Fig. 12) . In the EPI po group, gluconeogenic efficiency fell slightly (35Ϯ6 to 26Ϯ6%, NS) but the minimal and maximal gluconeogenic rates did not change (0.3Ϯ0.1 to 0.2Ϯ0.0 mg/kg·min and 0.8Ϯ0.5 to 0.7Ϯ0.2 mg/kg·min, respectively) (Fig. 12) . During peripheral epinephrine infusion, gluconeogenic efficiency increased from 35Ϯ5 to 62Ϯ9% in 10 min (P Ͻ 0.05) and then gradually fell back to 42Ϯ7% by the end of the study (Fig. 12) . The maximal gluconeogenic rate increased from 0.7Ϯ0.4 to 1.8Ϯ0.5 mg/kg·min (P Ͻ 0.05) by 10 min, and then rose further to 2.2Ϯ0.7 mg/kg·min (P Ͻ 0.05). The minimal gluconeogenic rate increased from 0.3Ϯ0.1 to 1.1Ϯ0.4 mg/kg·min (P Ͻ 0.05) by 10 min and then remained elevated until the end of the study. The changes in gluconeogenic efficiency as well as the minimal and maximal gluconeo- genic rates were significantly different (P Ͻ 0.05) in the EPI pe and EPI po groups (Fig. 12) .
Hepatic glycogenolytic rates. Hepatic glycogenolysis was similar in all three groups during the basal period (Fig. 13) . In response to hyperglycemia alone, the glycogenolytic rate decreased moderately from 1.4Ϯ0.4 to 0.7Ϯ0.2 mg/kg·min in 90 min and remained suppressed by the end of the study. In response to the portal infusion of epinephrine, glycogenolysis increased from 1.4Ϯ0.4 to 3.8Ϯ1.1 mg/kg·min (P Ͻ 0.05) in (10 min) and then gradually fell to 1.6Ϯ0.6 mg/kg·min. In response to the peripheral infusion of epinephrine, glycogenolysis increased from 1.5Ϯ0.7 to 3.2Ϯ1.1 mg/kg·min (P Ͻ 0.05) in 10 min but eventually was markedly suppressed (0.4Ϯ0.1 mg/ kg·min, P Ͻ 0.05). The average rate of glycogenolysis over the entire experimental period fell from 1.4Ϯ0.4 to 0.8Ϯ0.2 mg/ kg·min in the control group. The average increment in hepatic glycogenolysis induced by epinephrine was significantly (P Ͻ 0.05) greater in the EPI po group (1.4Ϯ0.3 mg/kg·min) than in the EPI pe group (0.6Ϯ0.1 mg/kg·min) (Fig. 14) . A similar conclusion is reached if tracer data are used for the calculation (1.5Ϯ0.3 vs. 0.3Ϯ0.1 mg/kg·min, P Ͻ 0.05) (Fig. 14) . The contribution of gluconeogenesis to the overall increase in glucose production induced by peripherally delivered epinephrine was marked (ഠ 60%; Fig. 14) .
Discussion
The overall aim of our study was to further characterize the effect of a physiologically relevant increase in epinephrine on hepatic glucose production. Since the arterial and portal levels of insulin and glucagon were clamped at basal values in all groups, since the plasma levels of norepinephrine and cortisol (data not shown) did not change, and since the arterial glucose levels in all groups were similar, we were able to separate the effects of epinephrine on the liver and extrahepatic tissues (muscle and adipose tissue). A 10-fold increase in the hepatic sinusoidal epinephrine level was evident in both groups, but in one case it was accompanied by a 10-fold rise in the arterial epinephrine level and in the other case there was no change in arterial epinephrine. Our data indicate that ‫ف‬ 60% of the ef- fect (over 3 h) of epinephrine on hepatic glucose production resulted indirectly from its action on muscle and adipose tissue, and the remainder resulted from its direct effect on liver glycogenolysis. Secondly, they demonstrate that the gluconeogenic effects of circulating epinephrine markedly decreased (60-80%) its glycogenolytic action on the liver. Lastly, they show that the direct effect of epinephrine on the liver was solely, at least within 3 h, attributable to glycogenolysis.
Portal infusion of epinephrine raised the hepatic sinusoidal epinephrine level from 42Ϯ14 to 561Ϯ84 pg/ml assuming confluence of portal and arterial flows at or before the beginning of the sinusoids (33) . Glucose production (whether assessed by tracer or arteriovenous different techniques) was increased by ഠ 1.6 mg/kg·min (10 min). The efficient clearance of epinephrine by the liver (Ͼ 95%) prevented an increase in the arterial epinephrine level (97Ϯ29 to 107Ϯ37 pg/ml) which in turn explains the absence of any lipolytic or glycogenolytic effects of epinephrine on adipose tissue or muscle, respectively. As a result there was neither an increase in the delivery of gluconeogenic substrates to the liver nor in the net rates of gluconeogenic precursor ar FFA uptake by the liver. The fact that gluconeogenic precursor uptake did not increase in response to portal epinephrine provides one piece of evidence that epinephrine has little direct gluconeogenic effect on the liver. In fact, neither gluconeogenic efficiency nor the estimated gluconeogenic rate (maximal or minimal) changed within the 3-h observation period. The only hint of a gluconeogenic effect by portal epinephrine was a slight increase in the net hepatic fractional extraction of alanine seen at the very end of the study. Since no such effect was seen with any of the other amino acids, it seems unlikely that this effect was of any quantitative significance. Taken together, the above data thus suggest that the increase in glucose production stimulated by portal epinephrine infusion was solely attributable to hepatic glycogenolysis. As such they are consistent with the data from our recent study (6) with a mixture of catecholamines.
Peripheral infusion of epinephrine increased the arterial epinephrine level from 42Ϯ12 to 1,064Ϯ144 pg/ml and the hepatic sinusoidal epinephrine level from 20Ϯ8 to 568Ϯ75 pg/ml. In response to the peripheral epinephrine infusion, hepatic glucose production increased by ഠ 2.9 mg/kg·min (10 min) regardless of whether the arteriovenous difference or tracer methods were used to assess it. The question thus arises as to how much of this increase was attributable to hepatic gluconeogenesis. In response to the peripheral infusion of epinephrine, hepatic gluconeogenic efficiency as well as the maximal and the minimal hepatic gluconeogenic rates were increased from 35Ϯ5 to 62Ϯ9% (P Ͻ 0.05), from 0.7Ϯ0.4 to 1.8Ϯ0.5 mg/ kg·min (P Ͻ 0.05), and 0.3Ϯ0.1 to 1.1Ϯ0.4 mg/kg·min (P Ͻ 0.05), respectively, within 10 min. Since net hepatic lactate output did not occur, and NHGO did not change (1.4Ϯ0.4 to 1.4Ϯ0.6 mg/kg·min at 10 min), subtraction of the initial increase in gluconeogenesis (1.1 or 0.8 mg/kg·min depending on whether the maximal or minimal estimates of gluconeogenesis were used) from the initial increase in NHGO yields the initial increase in hepatic glycogenolysis (1.8 or 2.1 mg/kg·min). This assumes that the hepatic oxidation rate of glucose (Ϸ 10% of basal glucose production [34] ) changed minimally in response to the increase in circulating epinephrine. It is thus apparent that ‫ف‬ 30-40% of the initial increase in glucose production in the EPI pe group arose from the peripheral effects (gluconeogenic precursor supply) of epinephrine. By the end of the study, gluconeogenesis accounted for ഠ 90% of epinephrine action on glucose production. The present data thus demonstrate that the gluconeogenic effects of epinephrine accounted for ഠ 60% of its overall effect on hepatic glucose production.
To the extent that NHGO reflected total hepatic glucose release in the two EPI groups but underestimated it slightly in the hyperglycemic control group (see Methods), the gluconeogenic contribution to the total hepatic glucose release would be slightly underestimated. Over the years, it has become evident that the gluconeogenic effects of glucagon are slow to develop (7). Such appears not to be the case with epinephrine. Previously, Sacca et al. (1) showed that in the human the gluconeogenic rate increased by 0.4 mg/kg·min within 15 min of peripheral epinephrine infusion (60 ng/kg·min). Furthermore, a study by Connolly et al. (35) and our recent study (6) showed that gluconeogenic efficiency and the net hepatic uptakes of major gluconeogenic precursors, such as alanine, lactate, and glycerol, were significantly increased within 10 min of a peripheral catecholamine infusion. The effects of epinephrine on muscle and fat occur quickly such that the gluconeogenic precursor levels in the blood rise rapidly, thereby increasing gluconeogenic precursor uptake by the liver within minutes. The failure of glucagon to rapidly increase gluconeogenesis is probably explained by the fact that it does not increase the gluconeogenic precursor load to the liver in a significant manner.
Given the rapid increase in hepatic gluconeogenesis seen in response to the increment in arterial epinephrine, the question arises as to whether the glycogenolytic action of the hormone on the liver is reduced in the presence of its effects on muscle and adipose tissue. Previous studies (8) (9) (10) (11) have shown that a rise in the supply of gluconeogenic precursors reaching the liver can increase gluconeogenesis without changing total glucose production. This suggests that a decrease in glycogenolysis is associated with an increase in gluconeogenesis, which in turn implies that hepatic glycogenolysis and gluconeogenesis are reciprocally regulated. In this study, portal infusion of epinephrine initially increased NHGO by 1.7 mg/kg·min (10 min). However, since it also increased the net hepatic lactate output by 7.6 mol/kg·min (equal to 0.7 mg/kg·min of glucose production), the increase in glucose production underestimates the increase in hepatic glycogenolysis. If the initial increases in the net glucose output and net hepatic lactate output are both taken into account, the increase in hepatic glycogenolysis can be estimated to be 2.4 mg/kg·min. That glycogen is the net source of the increase in carbon export is evident from the fact that the rate of gluconeogenic precursor uptake by the liver did not change in response to portal epinephrine. It should be noted that since hepatic glucose oxidation accounts for consumption of ഠ 10% of basal glycogenolysis in the liver of 18-hfasted dogs (34), a modest change in hepatic glucose oxidation resulting from epinephrine administration would have little, if any, impact on our estimation of the increase in hepatic glycogenolysis. As noted previously, peripheral infusion of epinephrine increased hepatic glycogenolysis by 1.8-2.1 mg/kg·min. Thus, the initial increase (10 min) in hepatic glycogenolysis was 13-25% lower in the EPI pe group than in the EPI po group, even though the hepatic sinusoidal epinephrine levels were indistinguishable. Therefore, these data suggest that the initial increase in gluconeogenesis caused by epinephrine may, to some extent, limit its initial glycogenolytic action on the liver. The overall glycogenolytic effect of epinephrine on the liver in the EPI po and EPI pe groups can be estimated by subtraction of the glycogenolytic rate in the control group from the glycogenolytic rates in the other two groups. In the presence of its effects on gluconeogenic precursor supply the overall effect of epinephrine on liver glycogenolysis was reduced by 60-80% depending on whether the A-V balance technique or tracer data were used for calculation (Figs. 13 and 14) . As noted earlier (see Methods), the use of NHGO is more appropriate than TDEGP to calculate hepatic glycogenolysis, but in the hyperglycemic control group the former probably resulted in a slight underestimate (ഠ 0.4 mg/kg·min) of the process. This would mean that, if anything, we may have slightly underestimated the inhibitory effect of the increase in the gluconeogenic precursor supply on the glycogenolytic effect of epinephrine. Nevertheless, this inhibitory action would help to explain why a maximally effective level of glucagon has a much greater glycogenolytic effect than a maximally effective level of epinephrine even though they both stimulate hepatic glycogenolysis through the cAMP signaling pathway (36) . The latter hormone brings about a significant gluconeogenic response which markedly inhibits its direct action on glycogenolysis, while the former does not because of its inability to mobilize gluconeogenic substrates from peripheral tissues.
NHGO in the EPI pe group fell back to 2.6 mg/kg·min by the end of study despite sustained increases in the gluconeogenic rate. It is thus apparent that the glycogenolytic effect of epinephrine on the liver decreased with time. This, of course, relates in part to the progressive increase in gluconeogenesis discussed above. However, since in EPI po group endogenous glucose production also fell in the absence of a change in the gluconeogenic rate, it would appear that the effect of epinephrine on hepatic glycogenolysis is transient for additional reasons. One such reason is the hyperglycemia which occurred (4). Indeed, if one examines the data in the control group, it becomes evident that hyperglycemia per se reduced basal glucose production in the absence of a change in gluconeogenesis indicating a decrease in glycogenolysis. Comparison of the control and EPI po data indicates that hyperglycemia can only partially explain the diminution of hepatic glucose production seen during epinephrine infusion. An additional explanation is provided by the possibility that an intracellular inhibitory signal is generated which shuts down glycogenolysis. It has been known for some time that both glucagon and epinephrine bring about their action on the canine liver via cAMP (36) . A previous in vitro study (37) showed that elevation of cAMP and the activation of protein kinase by the hormones induce a negative feedback signal which reduces the cellular cAMP level, thereby minimizing the response of the liver to either hormone.
Recently, Stumvoll et al. (38) reported that a rise in arterial epinephrine can increase tracer-determined renal glucose production in the human. Since no arterial epinephrine increase was seen during portal epinephrine infusion, a renal action would not have affected the response in the EPI po group. Arterial epinephrine increased 10-fold in response to peripheral infusion, however, raising the question of whether the kidneys might be involved in the increase in tracer-determined glucose production. Since NHGO was indistinguishable from hepatic glucose release in this study during epinephrine infusion (see Methods), and since NHGO paralleled and almost equaled the change in tracer-determined glucose production in the EPI pe group, it is apparent that the majority, if not all, of the increase in glucose production must have been attributable to an effect of epinephrine on the liver.
In this study, hepatic gluconeogenic efficiency increased from 35Ϯ5 to 62Ϯ9% (P Ͻ 0.05) in response to the peripheral infusion of epinephrine (Fig. 12) . A similar observation was reported by Stevenson et al. (4) . Since neither a rise in the hepatic sinusoidal level of epinephrine per se (Fig. 12) nor an increase in the gluconeogenic precursor load reaching the liver alters hepatic gluconeogenic efficiency (6, 11) , the question arises as to why the increase occurred. It has been shown in vitro that perfusion of the liver with FFA increases gluconeogenesis (39) . Recently, Clore et al. (40) found that increasing FFA availability increased gluconeogenesis and glucose production in the human. In addition, Puhakainen et al. (41) showed that decreasing FFA availability reduced gluconeogenesis and glucose production. In this study, arterial FFA, net hepatic FFA uptake, and net hepatic fractional FFA extraction increased from 903Ϯ126 to 1,611Ϯ139 mol/liter (P Ͻ 0.05), from 3.5Ϯ0.6 to 7.8Ϯ1.0 mol/kg·min (P Ͻ 0.05), and by 50%, respectively, in response to the rise in circulating epinephrine (Fig. 10 ). As such, our data suggest that FFA may be the key to increasing gluconeogenic efficiency in response to epinephrine. The possible mechanisms by which an increase in FFA oxidation within the liver could stimulate gluconeogenic efficiency are (a) production of additional ATP for the support of gluconeogenesis; (b) increasing the availability of the NADH needed for the glyceraldehyde-3-phosphate dehydrogenase reaction; and (c) activating pyruvate carboxylase via an increase in acetyl CoA and other thioesters.
In conclusion, (a) the gluconeogenic effects of circulating epinephrine play the predominant role in its effects on overall hepatic glucose production; (b) the gluconeogenic effects of epinephrine modestly decrease its initial glycogenolytic action on the liver but completely abolish this effect with 90 min; and (c) an increase in hepatic sinusoidal epinephrine per se (for 3 h) has no significant effect on hepatic gluconeogenesis.
